In this study, we observed a novel property of Escherichia coli Hfq protein: it possibly influenced extracellular indole levels. The extracellular indole concentrations were increased in Hfq mutant cells and decreased in Hfq overexpression cells in a cell densitydependent manner. The decreased extracellular indole levels in Hfq overexpression cells caused the postponement of entering into stationary phase. Indole was produced by tryptophanase, the gene product of tnaA, which catalyzed tryptophan into indole, ammonia and pyruvate. Further studies showed that at cell density of 0.8 but not at 0.4, tryptophanase activities of total cell extracts were affected by Hfq mutation or overexpression. Protein pull-down assay and co-immunoprecipitation experiments revealed that Hfq associated with tryptophanase under relatively higher extracellular indole levels, suggesting this was a feedback control of indole production. The association of Hfq and tryptophanase might be indirect because purified Hfq could not affect the values of K m and V max of purified tryptophanase.
Introduction
The Hfq protein, which is encoded by Hfq gene [1] , is initially identified as a bacterial host factor required for replication of bacteriophage Qb RNA [2, 3] . Inactivation of the Hfq gene in Escherichia coli causes a wide variety of phenotypes and alters the expression of many proteins [4, 5] . Except Qb replication, the importance of Hfq in cellular function has been made clear by the Hfq null mutant constructed in E. coli [5] . Many growth defects (e.g. pale colonies, diauxic growth, decreased growth rates, increased cell length, early transition into stationary phase, and decreased maximum mass) are observed in the Hfq knock-out E. coli cells [5] . In Pseudomonas aeruginosa, the Hfq knock-out also results in prolonged doubling time and a faster entry into stationary phase, which were rpoS independent [6] . It has also been reported that Hfq::cat mutant strain produces minicells at high frequency. Minicell production is caused by overproduction of the cell division protein FtsZ. Increased FtsZ mRNA and FtsZ protein levels are both observed in the Hfq::cat mutant [7] .
An increasing amount of evidence indicates that Hfq pleiotropically regulates the expression of many genes. Several antisense sRNAs need Hfq to interact with target mRNA(s) that, in turn, modify mRNA translation and/or stability. Hfq also stabilizes the interacting sRNAs in vivo [8, 9] . By facilitating the interaction between some sRNAs and their associated mRNA targets, Hfq participates in the positive or negative regulation of translation initiation of these mRNAs [10, 11] . Hfq can also induce mRNA stabilization with the help of sRNA [12] . Several sRNAs that specifically bind the Hfq protein (e.g. DsrA, MicF, RyhB, SgrS, and RydC) control the translation of selected mRNAs in response to environmental stresses [13] . In E. coli, Hfq interacts with at least 40% of the known sRNAs and probably with additional ones [14] . Previous data on the ability of Hfq to bind sRNAs and mRNAs suggested that the protein was an RNA chaperone [13, 15, 16] .
Tryptophanase (tryptophan indole-lyase; EC4.1.99.1; Trpase), which is encoded by tnaA gene, is a widely distributed bacterial pyridoxal phosphate (PLP)-dependent enzyme that catalyzes a,b-elimination and b-replacement of L-tryptophan and a variety of other b-substituted L-amino acids [17] . E. coli holo-tryptophanase is a tetrameric enzyme (220 kDa), composed of four identical subunits, each binding one molecular of the cofactor PLP, which forms an aldimine bond with a Lys270 residue adjacent to the active site [18] .
The decomposition of tryptophan by tryptophanase produces indole together with ammonia and pyruvate. Among these products, pyruvate is channeled into the TCA cycle, and ammonia is used either as a precursor in amino acid biosynthesis or excreted as a waste product. It is also the sole source of indole in vivo [19] . Indole is not further degraded and, in addition to serving as a precursor in the biosynthesis of tryptophan, there is emerging evidence that it has a role as a signaling molecule [20] .
Indole has been shown to act as a cell-to-cell signaling molecule, leading to biofilm formation in various species of bacteria [21] [22] [23] . Indole signaling also plays an important role in the stable maintenance of multi-copy plasmids [24] . Indole inhibits E. coli cell growth in a concentration-dependent but non-linear manner. There is little effect on growth when ,3 mM indole is present in the medium, but a higher concentration of indole (4 mM) causes a termination of cell division by an unknown mechanism [24] . Under the microscope, the length of BW25113 DtnaA is increased approximately 3 folds after treatment with 4 mM indole at 378C. Treated with 1 mM of indole at 378C, the number of indole-deficient tnaA mutant cells was decreased by 22%, compared with untreated cells [25] .
It seems that both Hfq inactivation and exposure to high levels of indole cause similar growth effects (decreased growth rate and increased cell size) in E. coli. In this study we show some evidence of the involvement of E. coli Hfq in extracellular indole production.
Materials and Methods
Bacteria E. coli DH5a was used as a host for the cloning experiments, and E. coli ER2566 for overproduction and purification of the recombinant proteins. E. coli strain MG1655 was used as wild-type Growth curve and extracellular indole assays Extracellular indole concentrations were measured in different E. coli cultures during growth [21] . Briefly, overnight culture was used to inoculate 200 ml of LB medium, and the cells were grown at 288C or 378C. The aliquots (2 ml) were removed every 30 min. After measuring OD 600 , the aliquots were centrifuged to remove the cells. Two hundred milliliter of recovered supernatants were added to 200 ml of 0.5 M perchloric acid and centrifuged again to remove the precipitated proteins. The supernatants were mixed with 5 volumes of 5% p-dimethylaminobenzaldehyde in 95% ethanol. Then 12 volumes of 5% sulfuric acid in n-butanol were added. After incubation at 378C for 30 min, the absorbance at 571 nm was measured and the corresponding indole concentration was calculated using a standard curve.
Measurements of tryptophanase activities of total cell extracts E. coli cells were harvested and washed sufficiently with 0.1 M potassium phosphate buffer and then lysed by ultrasonication. The cell lysates were centrifuged at 12,000 rpm for 30 min. The total cellular protein concentrations of the clarified supernatants were quantified by Bradford method and standardized to 100 ng/ml. The standardized total cell extracts were used as enzyme preparations. The tryptophanase activities of total cellular proteins were determined by measuring the initial rate of indole formation in a total volume of 2.5 ml, comprising 0.5 ml enzyme preparation, 1 ml of 0.1 M potassium phosphate buffer (pH 7.8), 2 mg (final concentration 3.9 mM) L-tryptophan, and l10 mg PLP. The tryptophanase activities of the preparations were determined by the method A potential novel function of Escherichia coli Hfq previously reported [28, 29] . A unit of tryptophanase activity is defined as the amount of enzyme that gives rise to the formation of 1 mmol of indole in 1 min according to Morino and Snell [30] . Specific activity is expressed as the number of units per milligram of protein. The reaction was stopped by the addition of two drops of 40% formaldehyde. The reaction mixture without tryptophan was used as blank to deduct the trace amount of intracellular indole. Because tryptophanase is the only enzymeproducing indole in E. coli cells, the enzyme activities which are measured above represent for tryptophanase activities.
Purification of Hfq and tryptophanase proteins
The coding region of E. coli Hfq gene was amplified with primers P3/P4 (P3: GGTGGTTGCTCTTCCAA-CGCTAAGGGGCAATCTTTAC; P4: GGTGTTCTGCA-GTTA TTCGGTTTCTTCGC; SapI site was shown in P3 as underlined and PstI site was shown in P4 as underlined) from genomic DNA by PCR and was inserted in frame into the SapI/PstI sites of the expression vector pTYb11 (New England Biolab, Beijing, China) to generate the expression plasmid Hfq-pTYb11. The coding region of E. coli tnaA gene was amplified with primers P5/P6 (P5: GGTGGTGTCGACATGGAAAACTTTAAA-CATCTCCC; P6: GGTGTTGAATTCTTAAACTTCTTT-AAGTTTTGCGG; SalI site was shown in P5 as underlined and EcoRI site was shown in P6 as underlined) from genomic DNA by PCR and inserted in frame into the SalI/EcoRI sites of the expression vector pTYb11 to generate the expression plasmid TP-pTYb11. E. coli ER2566 cells harboring Hfq-pTYb11 or TP-pTYb11 were used to overproduce Hfq or tryptophanase by induction with 1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) for 36 h. The cells were harvested and re-suspended in buffer A (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 500 mM NaCl) and lysed by ultrasonication. The cell lysates were centrifuged at 12,000 rpm for 30 min and the clarified supernatants were treated with 50 mg/ml of RNase A and then applied to the chitin beads column (New England Biolab) according to the manufacturer's instructions. Then 500 ml of washing solution containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 M NaCl was flowed through column to remove the unspecific binding proteins. Then 10 ml of solution containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 500 mM NaCl, and 50 mM DTT was flowed through column to induce on-column self-cleavage reaction. After incubation at room temperature for 20 h, target proteins were eluted from chitin beads. The purified proteins were desalted by dialysis.
Protein samples were analyzed by SDS-PAGE. Protein concentrations were determined by Bradford method.
Co-immunoprecipitation and immunoblotting
Polyclonal antibodies against Hfq and tryptophanase were prepared, respectively, by immunizing rabbit with purified recombinant proteins. E. coli cells were collected and re-suspended in 40 mM Tris-HCl, pH 8.5, and 10 mM DTT, followed by ultrasonication and the lysates were centrifuged at 12,000 rpm for 30 min at 48C. The supernatants were subjected to immunoprecipitation with anti-Hfq antibodies (1:100 dilution) or antitryptophanase antibodies (1:100 dilution) or rabbit control IgG (1:100 dilution) and the protein A beads (Clontech, Mountain View, USA). Proteins present on the protein A beads were released by boiling in the SDS-loading buffer and detected by immunoblotting with anti-Hfq or anti-tryptophanase antibodies (1:500 dilution).
In quantitative immunoblotting, the same amounts of 50 mg of E. coli cellular total proteins were loaded on each lane of SDS-PAGE. After immunoblotting with specific antibodies, the bands were analyzed using a software Multi Gauge V3.0 to determine the band densities.
Protein pull-down assay E. coli ER2566 cells harboring Hfq-pTYb11 were used to overproduce Hfq fusion protein (fused with chitinbinding domain and intein) by induction with 1 mM IPTG for 6 h at 288C. The cells were harvested and re-suspended in buffer B (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 200 mM NaCl) and lysed by ultrasonication. The cell lysates were centrifuged at 12,000 rpm for 30 min and the clarified supernatants were applied to the chitin beads column (New England Biolab) according to the manufacturer's instructions. Then 100 ml of washing solution containing 50 mM Tris-HCl ( pH 8.0), 1 mM EDTA, and 0.5 M NaCl was flowed through column to remove the unspecific binding proteins. After washing, protein samples associated with chitin beads were analyzed by SDS-PAGE.
In vitro assay of tryptophanase activities Tryptophanase converts L-tryptophan to indole, pyruvate, and ammonia. The effect of purified Hfq on tryptophanase activity was measured in vitro using a coupled tryptophanase-lactate dehydrogenase assay [24] . Pyruvate, produced from the breakdown of L-tryptophan, is A potential novel function of Escherichia coli Hfq metabolized to lactate by lactate dehydrogenase. This is associated with the reduction of NADH to NAD þ .
As NADH absorbs light at 340 nm, but NAD þ not, the reaction can be monitored by the decrease in absorbance at 340 nm. The following solution (1 ml) was added to each of a series of cuvettes: 0.1 M potassium phosphate buffer ( pH 7.8), 0.1 mM pyridoxal 5 0 phosphate, 0.2 mM NADH, 8-U lactate dehydrogenase (Sigma, St. Louis, USA), and 16 mg purified tryptophanase protein. The reaction mixture was warmed to 378C and L-tryptophan was added to varying concentrations (0.05, 0.1, 0.5, 1, and 5 mM). The mixture was shaken, and the OD 340 was measured continuously at 378C for 2 min to detect the decrease in absorbance of NADH (and hence the activity of tryptophanase). Data from the assay were used to calculate the K m and V max of tryptophanase. The assay was then repeated in the presence of 30 mg purified Hfq protein.
Protein identification by mass spectrometry Protein identification by mass spectrometry (MS) spectrometry was conducted by RCPA (Research Centre for Proteome Analysis, Key Lab of Proteomics, Institute of Biochemistry and Cell Biology, Shanghai Institute for Biological Sciences, Chinese Academy of Science, Shanghai, China). Briefly, the procedure involved excision of the band from the gel, in-gel trypsin digestion, MALDI-TOF MS (4800 Plus MALDI TOF/TOF Analyzer) of the tryptic peptides, and database searching of the peptide mass fingerprinting (PMF) data.
Results
The extracellular indole levels were increased in Hfq mutant cells To determine whether indole concentrations were increased in Hfq mutant cells, we measured and compared indole concentrations in wild-type (MG1655) and Hfq mutant (MG1406) cells cultured in LB medium at both 288C ( Table 1 ) and 378C ( Table 2) . At 288C, the indole concentrations were higher in the extracellular medium of Hfq mutant cells than the wild-type cells at all three test cell densities (OD 600 ¼ 0.4, 0.8, and 2.0), respectively. At 378C, the extracellular indole concentration of the Hfq mutant cell cultures was more than 2 folds higher than those of wild-type cultures at the cell densities of OD 600 ¼ 0.8, 2.0, and 2.6. The peak indole concentration was about 371 mM in the wild type cells when they reached the maximum growth (OD 600 ¼ 5.0). The maximum growth of Hfq mutant cells decreased to OD 600 ¼ 2.6 and the peak indole concentration reached about 838 mM. However, the Hfq gene mutation did not change the indole concentration at the cell density of OD 600 ¼ 0.4 at 378C. These data showed that indole concentrations were higher at 288C than at 378C at the same cell densities.
Indole level and cell growth
An insufficient supply of indole negatively affects E. coli cell growth (Fig. 1) . The growth curve of tnaA deficient cells (BW25113DtnaA) showed that these cells grew more rapidly between 5 and 6 h, resulting in the postponement of entry into the stationary phase and an increase in maximum growth. When 400 mM of indole was added to tnaA deficient cell culture, the growth curve of the tnaA deficient cells almost overlapped with that of the wild-type cells. Figure 1 also showed that overexpression of Hfq caused an increase in maximum growth and that the addition of 100 mM indole resulted in recovery of growth. Table 3 showed that the Data represent the mean + SD of three independent measurements. (Fig. 2 ), no effect was seen in response to Hfq mutation or overexpression at the cell densities of OD 600 ¼ 0.4 or 0.8. Therefore, the increased indole concentration in Hfq mutant cells and decreased indole concentration in Hfq overexpression cells at OD 600 ¼ 0.8 was independent of the alteration in tnaA gene expression. However, the tryptophanase activities of total cell extracts were affected by Hfq mutation or overexpression at OD 600 ¼ 0.8 ( Table 4 ). The tryptophanase activity of Hfq mutant cells was increased while that of Hfq overexpression cells was decreased. It was possible that the increase in extracellular indole concentration in Hfq mutant cells at OD 600 ¼ 0.8 ( Table 1 ) was caused by the increase in cellular tryptophanase activity. Figure 1 Effects of exogenous indole on growth of E. coli BW25113, BW25113DtnaA, and BW25113H strains BW25113 was used as a wild-type strain. BW25113DtnaA was the tnaA gene knockout product generated from BW25113. BW25113H carried the Hfq overexpression plasmid Hfq-pKT230 in a BW25113 background. E. coli cells were cultured in LB medium at 378C. MG1655H: Hfq overexpression in a MG1655 background. E. coli cells were cultured in LB medium at 378C. The cells were harvested at OD 600 ¼ 0.4 and 0.8. The tryptophanase activities of cell extracts were determined by the methods of Morino and Snell [30] . Data represent the mean + SD of three independent measurements.
A potential novel function of Escherichia coli Hfq
Tryptophanase can be pulled down with Hfq fusion protein The results from the protein pull-down assay and SDS-PAGE analysis showed that the molecular weight of one protein that was pulled down with CBDintein-Hfq fusion protein was about 50 kDa, which was consistent with the molecular weight of E. coli tryptophanase subunit (Fig. 3) . This 50 kDa protein was proven to be a tryptophanase subunit by MS spectrometry and by reaction with a specific polyclonal antibody against tryptophanase. The immunoblotting signal was negative for the samples pulled down with CBD-intein, the fusion part. A protein about 35 kDa was also pulled down with CBD-intein-Hfq fusion protein (data not shown). MS spectrometry analysis was unable to identify this protein, which appeared as a band only occasionally.
The K m and V max values for tryptophanase were not affected by the presence of Hfq ( Table 5 ), indicating that there was no direct interaction between Hfq and tryptophanase.
Hfq associated with tryptophanase protein in an indole-dependent manner.
The co-immunoprecipitation experiments were used to further investigate whether Hfq and tryptophanase might form a complex in vivo, in the presence of some other as yet unidentified mediator. The two proteins could be immunoprecipitated together either at a cell OD 600 ¼ 0.4 or OD 600 ¼ 2.0 at 288C [Fig. 4(A) ]. In contrast, at 378C, the two proteins could be immunoprecipitated with each other at cell OD 600 ¼ 0.8 or OD 600 ¼ 2.0, but not at OD 600 ¼ 0.4. When 1 mM indole was added to medium, the two proteins co-immunoprecipitated together at OD 600 ¼ 0.4 at 378C [ Fig. 4(B) ].
Discussion
We observed a new phenotype of E. coli Hfq mutant cells: the increased extracellular indole concentrations ( Tables 1-3) . However, this did not appear to be the reason for the decreased growth rates since ,1 mM indole was accumulated outside E. coli cells and seemed to have little effect on growth [24] . Even this, the decreased extracellular indole levels of Hfq overexpression cells caused the increased maximum growth and the postponement of entering into stationary phase (Fig. 1) . It seemed that the onset of stationary phase had some unknown correlations with extracellular indole levels. How does indole affect cell growth? Indole effect on gene expression is one possibility, which becomes an intriguing topic in recent years and precedents exist for indole-dependent regulation of transcription. Wang and Rather [23] observed a dose-dependent induction of three genes (astD, tnaB, and gabT) involved in the uptake and metabolism of amino acids. Hirakawa et al. [20] observed transcriptional induction by indole of a variety of xenobiotic exporter genes including acrD, acrE, cusB, emrK, mdtA, mdtE, and yceL. The effect upon mdtE was mediated via the AraC-type transcription factor GadX [31, 32] . The binding of indole to a transcription factor offers a plausible mechanism for regulation of gene expression. Indole concentrations might be controlled strictly during cell growth. Purified tryptophanase activity was measured in vitro using a coupled tryptophanase-lactate dehydrogenase assay [24] . Data represent the mean + SD of three independent measurements. 
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We compared the tryptophanase protein levels of wildtype, Hfq mutant and overexpression cells and amazingly observed no difference. However, we have to indicate that we only conduct these tests at cell densities of 0.4 and 0.8 (OD 600 ) (Fig. 2) , which was only able to represent exponential phase. Whether tnaA gene expression is affected by Hfq in stationary phase remains unclear. Table 4 showed that Hfq mutation or overexpression affected the tryptophanase activities of cell extracts at cell density of 0.8, but not at 0.4. So the alteration of tryptophanase activity is one of the possibilities that caused the increased extracellular indole levels of Hfq mutant cells. Another possibility is indole transport. The intracellular indole is exported by the AcrEF efflux system [33] to the outside of the cell, where it accumulates in the growth medium. Mtr permease transports indole into the cell [34] . Since Hfq is a multi-functional gene that regulates the expression of many genes, it is necessary to test whether Hfq affects the gene expressions involved in indole transport system in the future. Table 5 strongly suggested an indirect association of Hfq and tryptophanase, but we still cannot disregard the possibility of a direct interaction. However, it is clear that other element(s) would be required to facilitate an interaction between Hfq and tryptophanase if protein associations do play an essential role in the in vivo regulation of tryptophanase activity, as suggested, but not proven by our current study. sRNA is a potential element since Hfq is an RNA chaperone that binds to varieties of sRNAs directly. Recent studies reported that Rcd, an approximately 70-nt small RNA, interacts with the enzyme tryptophanase, increasing the affinity of tryptophanase for its substrate tryptophan which causes increased indole production by cells [24] . However, no structural evidences have been reported to explain how Rcd interacts with tryptophanase until now. So, whether sRNA mediates the 'interaction' of Hfq and tryptophanase is an interesting hypothesis that needs to be tested carefully in the future.
The indole concentration was somewhat higher at 288C than at 378C (309 mM vs. 220 mM at OD 600 ¼ 0.4) according to Tables 1-3. The failure of the co-immunoprecipitation at OD 600 ¼ 0.4 at 378C may have been due to insufficient extracellular indole. Indole concentrations appeared to be involved in the association of Hfq and tryptophanase, suggesting a feedback control of indole production.
Although Fig. 4(B) shows that indole had some effects on the association of Hfq and tryptophanase, we could not distinguish this effect of indole between indirect or direct. We have no idea of whether Hfq could A potential novel function of Escherichia coli Hfq bind to indole directly. Indole has an extremely low affinity to free tryptophanase (K d . 1.0 mM) [35] , but this could not exclude the possibility of indole and/or Hfq directly binding to some forms of 'intermediate' of tryptophanase enzyme. The possible indirect effect of indole may be due to the indole effect on gene expression mentioned above. Indole effect on gene expression is also a possible reason for the tryptophanase activity alteration in Hfq mutant and overexpression cells.
